The "Ca2+ switch" model with cultured Madin-Darby canine kidney (MDCK) cells is useful in studying the biogenesis of epithelial polarity and junction formation and provides insight into early steps in the morphogenesis of polarized epithelial tissues. When extracellular Ca2+ in the medium is changed from <5 1LM to 1.8 mM, M[DCK cells rapidly change from a nonpolarized state exhibiting little cell-cell contact (with the apical membrane and junctional proteins largely within the cell) to a polarized state with well-formed tight junctions and desmosomes. To examine the role of intracellular Ca2+ in the development of polarity and junctions, we made continuous spectrofluorimetric measurements of intracellular Ca2+ during the "switch," using the fluorescent indicator fura-2. Intracellular Ca2+ increased >10-fold during the switch and gave a complex pattern of increase, decrease, and stabilization. In contrast, intracellular pH [monitored with 2',7'-bis(2-carboxyethyl)-5(and 6)-carboxyfluorescein (BCECF)J did not change during the period studied. When intracellular Ca2+ curves in several cells were compared, considerable heterogeneity in the rate of increase of intracellular Ca2+ levels and in peak levels was evident, perhaps reflecting the heterogeneity among cells in establishing junctions and polarity. The heterogeneity of the process was confirmed by digital imaging of intracellular Ca2+ and was present even in a "clonal" line of MDCK cells, indicating the heterogeneity was intrinsic to the process and not simply a function of slight genetic variation within the population of MDCK cells. In pairs of cells that had barely established cell-cell contact, often one cell exhibited a much greater increase in intracellular Ca2+ than the other cell in the pair. At the site of cell-cell contact, an apparent localized change (an increase over the basal level) in intracellular Ca2+ was frequently present and occasionally appeared to extend beyond the point of cell-cell contact. Since the region of cell-cell contact is also the site where junctions form and where vesicles containing apical membranes fuse during the development of polarity, we postulate a role for global and local changes in intracellular Ca2+ in these events.
rapidly change from a nonpolarized state exhibiting little cell-cell contact (with the apical membrane and junctional proteins largely within the cell) to a polarized state with well-formed tight junctions and desmosomes. To examine the role of intracellular Ca2+ in the development of polarity and junctions, we made continuous spectrofluorimetric measurements of intracellular Ca2+ during the "switch," using the fluorescent indicator fura-2. Intracellular Ca2+ increased >10-fold during the switch and gave a complex pattern of increase, decrease, and stabilization. In contrast, intracellular pH [monitored with 2',7'-bis(2-carboxyethyl)-5(and 6)-carboxyfluorescein (BCECF)J did not change during the period studied. When intracellular Ca2+ curves in several cells were compared, considerable heterogeneity in the rate of increase of intracellular Ca2+ levels and in peak levels was evident, perhaps reflecting the heterogeneity among cells in establishing junctions and polarity. The heterogeneity of the process was confirmed by digital imaging of intracellular Ca2+ and was present even in a "clonal" line of MDCK cells, indicating the heterogeneity was intrinsic to the process and not simply a function of slight genetic variation within the population of MDCK cells. In pairs of cells that had barely established cell-cell contact, often one cell exhibited a much greater increase in intracellular Ca2+ than the other cell in the pair. At the site of cell-cell contact, an apparent localized change (an increase over the basal level) in intracellular Ca2+ was frequently present and occasionally appeared to extend beyond the point of cell-cell contact. Since the region of cell-cell contact is also the site where junctions form and where vesicles containing apical membranes fuse during the development of polarity, we postulate a role for global and local changes in intracellular Ca2+ in these events.
Signaling events involved in the development of epithelial cell-cell contact, tight and desmosomal junctions, and apical-basolateral polarity remain poorly defined. In the case of the establishment of cell-cell contact and tight junctions, extracellular Ca2+ is thought to play an important role, as removal of Ca2+ from the exterior of the cell (the medium) prevents cell adhesion (1) and results in the disruption of tight junctions in established monolayers (2) . Furthermore, in a Madin-Darby canine kidney (MDCK) cell model for tightjunction formation, the "Ca2+ switch" model, raising the extracellular Ca2+ in the medium from <5 ,uM to 1.8 mM causes confluent MDCK cells exhibiting little cell-cell contact and virtually no tight-junction formation to establish cell-cell contact and to develop tight junctions within hours, as determined by transepithelial resistance and the immunofluorescent localization of the tight-junctional protein ZO1 (3) (4) (5) (6) . Moreover, the Ca2+ switch model, which is thought to mimic processes occurring during the morphogenesis of epithelial tissues (compaction), is also an excellent model for the development of epithelial polarity. Under conditions of low Ca2+ concentrations, the MDCK cells exhibit incomplete development of apical-basolateral polarity (4) . In fact, much of the apical membrane appears within a recently described organelle [the vacuolar apical compartment (VAC)] that contains microvillar structures and thus will stain not only for apical proteins but also for actin (5) . Increasing Ca2+ in the medium triggers the rapid fusion of VAC with the plasma membrane at a site believed to be in close proximity to the site of initial cell-cell contact and tight-junction assembly (5 (6) [low-Ca2+ (LC) medium]. This was followed by an -16-hr incubation in SMEM containing 5% FCS that had been dialyzed extensively against PBS and EGTA as described (1) . For immunofluorescence studies, "switch" experiments were initiated by quickly replacing the SMEM with DMEM containing 5% FCS (NC medium).
Immunofluorescent Analysis. Immediately prior to the Ca2+ switch and 50 min after the Ca2+ switch was begun, MDCK cells growing on coverslips were fixed in PBS containing 2% paraformaldehyde for 20 min at room temperature or were fixed for ZO1 staining in -80'C methanol and incubated at -200C for 20 min. The cells were then washed three times with PBS and subjected to permeabilization with PBS containing 0.075% saponin (PBS-S) for 5 min. The permeabilized cells were then incubated for -60 min with either a rat monoclonal antiserum in PBS-S against the tight-junctional marker ZO1 (1:100, gift of D. Goodenough, Harvard) or [after blocking for 1 hr in PBS containing 2% (wt/vol) bovine serum albumin] a polyclonal antiserum against the apical marker glycoprotein gp135 (1:500, gift of G. Ojakian, SUNY, Health Science Center at Brooklyn) and fluorescein isothiocyanateconjugated phalloidin (1:200, Sigma). The cells were then washed three times with PBS-S, followed by incubation with rhodamine-conjugated second antibody in PBS-S for -45 min, which was then followed by five washes of 3 min each in PBS-S.
Single-Cell Measurements of Intracellular Ca2+ and pH. Cells grown on Coming 18-mm coverslips were placed "cell side up" in a flow-through Lucite chamber fitted on the top with a standard glass coverslip. Cells were loaded by incubation in 5 AM fura-2 or 10 ,uM BCECF in medium. Media (LC medium without phenol red and vitamins or NC medium without phenol red and vitamins) were gravity fed into an experimental chamber mounted on the stage of an inverted epifluorescence microscope (Zeiss IM35) equipped with quartz interior components. The flow rate through the chamber averaged 2.3 ml/min. The microscope was interfaced to an alternating wavelength illumination system (Delta SCAN, Photon Technology International [PTI]), which provides light at two alternating wavelengths and is equipped with a 75-W Xenon lamp. Individual cells are excited at 340 nm and 380 nm with emission at 510 nm for intracellular Ca2+ measurements and at 440 nm and 490 nm with emission at 520 nm for intracellular pH measurements. An individual cell was aligned in the viewfinder leading into the photomultiplier tube. The output of the photometer was stored in a computer that also controlled the illumination system. Before each experiment, autofluorescence was measured on a single cell on an unloaded coverslip, and this value was automatically subtracted from subsequent traces.
For Ca2+ measurements, individual coverslips were incubated with 5 ,uM fura-2 for 30 min at room temperature. The coverslip was then attached to the chamber and superfused with LC solution for at least 10 min prior to the start of measurements. Calibration was carried out at the end of each experiment on a single cell with the Ca2+ ionophore ionomycin (10 ,uM) in the presence of NC medium (maximum ratio) or 2 mM EGTA in LC medium (minimum ratio). Ca2+ levels were calculated as described by Grynkiewicz et al. (8) . In the case of pH measurements with BCECF, calibration was performed at the end of each experiment on each cell studied. Extracellular pH was varied from 6.8 to 7.8 in potassium Ringer's solution (145 mM) in the presence of 10 tkM nigericin by the method of Thomas et al. (9) . Digital Imaging. Digital imaging of intracellular Ca2+ was performed under conditions identical to the single-cell measurements already described. A P1I dual monochromator (340 nm/380 nm) imaging system with a Hamamatsu SIT C2400 camera was used. Cells were viewed through a Nikon diaphot microscope with a x40 Nikon fluorite oil-immersion objective.
RESULTS
MDCK cells plated at confluence and maintained overnight (-16 hr) under conditions with low (<5 p.M) Ca2+ concentration were generally round and exhibited little cell-cell contact (Fig. 1 Right) . By indirect immunofluorescence, the tight-junctional protein ZO1 was found either inside the cell (Fig. 1A) or localized to discrete zones on or underneath the surface of the cell, indicating that even in low Ca2+ concentrations (which is thought to synchronize the process), the tight junctions in this model system are in various stages of formation. Immunofluorescence using antisera against the apical marker protein gp135 (Fig. 1B) possess clearly discernible VACs and appeared to be further on in the pathway toward apical membrane formation.
Within 50 min after the Ca2+ level in the medium was switched to 1.8 mM, contact between cells was well established, and the staining characteristic of tight junctions was apparent on the lateral surfaces (Fig. 1A at 50 min) . This is consistent with the observation that "switched" MDCK cells develop a significant transepithelial electrical resistance shortly after this time (3, 6) . Also by 50 min, the apical membrane marker protein gp135 had largely moved from intracellular sites to the cell surface, thus forming the apical membrane (Fig. 1B) (Fig. 3) . Thus, this single-cell data not only indicated a marked change in intracellular Ca2+ levels during the switch (without a concomitant change in pH) but also revealed the process to be highly heterogeneous. This marked heterogeneity was further documented by using digital imaging, where we monitored the response of all of the cells in the field during the switch. Fig. 4 is a four-paneled pseudocolor representation of a field of relatively round cells exhibiting various degrees of cell-cell contact. The bar scale at the right of Fig. 4 (Fig. 4) (7) . Moreover, in studies, we have been able to fo intracellular Ca2+ during the switc ing "ratioed" fura-2 fluorescence to establishing a complex pattern stabilization of intracellular Ca2 + revealed the process to be highly I cells were compared. This may r cells during the Ca2+ switch in the and the formation of the apical fusion of the VAC (Fig. 1)] .
The marked and complex cha during the switch, the heterogenei possibility that localized changes also be important led us to chara select field of cells by using ratioe switch (Fig. 4) . The (15, 16) . Nevertheless, these fusion ity of the response, and the events probably occur within minutes after the switch ( Ca2+ is necessary for the activation of a number of intracellular enzymes involved in signal transduction, including protein kinase C. We have shown (6) that tight-junction formation in the Ca2+ switch model is inhibited by the protein kinase inhibitor H7. Perhaps localized increases in intracellular Ca2+ result in protein kinase C activation, which then modulates the formation of tight junctions. Since the Ca2+ switch model is believed to mimic events during the development of epithelial tissues, it seems plausible that a similar course of events may be important in, for example, the process of compaction during kidney tubulogenesis (14, 19) .
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